
RESEARCH MEMORANDUM 

PERFORMANCE OF A SUPERSONIC COMPRESSOR WITH SWEPT 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 
March 28, 1955 



s 

NACA RM E54L29 

NATIONAL ADVISORY CGMMITTEE FOR AERONAUTICS 

PERF'OFMANCE O F  A SUPERSONIC C3MPRESSOR WITH SWEPT AND 

TILTED DIFFUSES BLADES 

By Arthur W .' Goldstein a d  Ralph L. schacht 

SUMMARY 

A 1a"inch supersonic mixed-flow  compressor of large weight-flow 
capacity  having a stator  with swept and tilted blades was tested over a 
range of equivalent air t i p  speeds  varying from 740 to 1700 feet per 
second. As rotor speed w a s  increased over the   en t i re  range,  stage effi-  

r;' ciency  decreased  continuously  from 73 to 47 percent and pressure  ratio 
i5 reached a value of 5.02. Large fluctuations i n  the  pressure w e r e  found 

above an equivalent air t i p  speed of 1394 feet per second, at which speed 
b a transition  occurred from relative sLibsonic to r e l a t ive  supersonic ve- 

l oc i t i e s   i n   t he   ro to r .  A s  the  rotor speed was reduced  toward design 
value for the stator,  the normal flow configuration  did not persist ,  as 
a consequence of the pressure of the fluctuations. For t h i s  reason low 
efficiency w a s  obtafned. 

INTRODUCTION 

To obtain compressors  with  high stage pressure  ratio and large mass 
flow,  considera;ble e f fo r t  has been  devoted to   t he  develqpment of compres- 
sors  having  supersonic  velocities relative to the  rotor.  The major dif- 
f i c u l t y   i n   t h e  development of supersonic compkessors f o r  such high com- 
pression  ratios i s  the  large  losses encountered in the   s ta tor .  These 
losses  reduce  the adiabatic efficiency of the rotor-stator combination 
and therefore make the stage performance unattractive  for  practical  
application.  Reference 1, for  example, reports a reduction  of  rotor 
eff ic iency  for   the stage when a s ta tor  was added. Reference 2 reports a 
reduction of efficiency from 0.89 t o  0.66 when stator  blades w e r e  inserted 
downstream of the  rotor .  Reference 1 also shows that   the   diffuser   pre-  
vented the rotor  from operating at i ts  optimum flow configuration. 

The performance features of a series of supersonic  rotors were in- 
4' vestigated and reported in s e v e r a l  papers ( re fs .  3 to 5 ) .  These rotors  

were all characterized by  high  turning  (mroximately 60°), i n l e t  counter- 
rotation, asd supersonic re la t ive  Mach numbers throughout at rotative 

" 
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speeds  near  the  design  value. However, all showed the  capability of 
operating i n  alternative mode. with strong shocks at  the  entrance and 
r e l a t i v e  aubsonLc veloci ty   internal   to   the  rotor ,  but with an absolute 
supersonic  discharge  velocity having a subsonic axial coqonent.  Figure 
I, which i s t h e  pressure-ratio and weight-flow diagram (data from ref. 
41, shows a single point  for  supersonic  internal  flow and a curve of 
operation with strong  inlet  shock. 

For rotors of t h i s  type, it i s  clear  that   the  stator problem i s  
severe. In the first place,  the normal operating  condition of the  s ta tor  
i s  at a high i n l e t  Mach number - from 2 .0  t o  2.5, depending on the speed. 
(Normal mode of  operation of rotor or stator i s  that   s ta te   with designed 
wave system rather  than  the mode chmacterized by strong shocks at the 
entrance.) Secondly, the angle of attack will vary  widely from the con- 
dikion of normal operation of ro to r   t o  shock-in-rotor  operation. Thus, 
not  only must the   diffuser   s tar t  itself and operate  effectively  at  high 
Mach nuuibers, but it must also permit the   ro tor   to   t rans i t   in to  normal 
operation at low supersonic Mach numbers and at high angles of attack 
corresponding to  the presence M a strong shock &t the  rotor  entrance. 
Sepezation of flow from the  blade a t  large q l e s  of attack c m  cause 
internal  choking of the f l o w  and provide  effective  internal flow areas 
less  than  the geometric  mea, t h u s  preventing  the stastbg of the  rotor 
and s ta tor .  

The problem of operation at high Mach numbers has been  approached 
by use of the  principle of external compresslon as i n  the  Oswatitsch 
diffuser.  Researches (ref 8 .  6 and 7) on the  application of t h i s  princi-  
p l e  t o  the design of supersonic  rotors with auben ic  axial velocity com- 
ponents  indicate, however, tha t  box waves are set up with entrance normal 
shocks and t ha t  expected  pressure  recoveries m e  not  attained.  In addi- 
t ion  to  the  application of the  principle of external compression, the 
diffuser was designed  with  other  features  devised t o   f a c i l i t a t e   t h e  ini- 
t i a t ion  of a normal flow  configuration  (without  strong shocks) and to 
permit  the  attainment of a minimum Mach nuniber before the terminatin$ 
shock which reduces  the  velocity t o  a subsonic  value. These include 
compression waves frm the hub and case before entrance  into  the stator 
proper,  the use of swept and t i l t e d  blades, and a terminating shoclr 
downstream of and exterior t o  the stator blades. 

It did  not  prove  possible, however, t o  provide  sufficient i n t e rna l  
stator  contraction far eff ic ient  transition to subsonic  velocities at 
the high incident Mach numbers and at the same time t o  d n t a i n  suffi- 
cient   internal  flow area t o  allow starting of the rotor from the condi- 
t i o n  of rotor-entrance shock and low supersonic  discharge Mach number. 
Consequently, it appeared that the diffuser   (s ta tor)  must be designed 
with a variable throat for operation  as a compressor. However, for the 
'purpose of investigating the novel  design  features of the stator blade 
configuration, f t  w a s  decided to circumvent the mechanical d i f f icu l t lea  

.. . 
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attending  a variable t h r o a t  by designing the s ta tor   for  normal. operation 
a t  70 percent of the design speed of the original  rotor  (described Fn 
ref. 4) and to start the normal diffuser flow pattern by overspeeding t o  
fu l l  r o t o r  design speed (eqaval-ent air t i p  s - p ~  of 1480 ~ t / s e c )  fo l -  
lowed by a drop-off t o  the 70-percent  value ( equivalent air t i p  speed of 
1036 ft /sec) . 

The present  investigation was initiated at  the NACA Lewis  laboratory 
in order t o  determine the order of events i n  the process of start ing  the 
normal flow configuration, to determine  whether the assumed l imitations 
on star t ing are the actual  l imitations,  and t o  determine  whether a d i f -  
fuser  designed with the features of the  present one could be  eff ic ient  
when operating at high Mach number and over  a wide range of inlet angles. 

%sic Notions of the D e s i g n  

General features of the diffuser design tkt w e r e  incorporated 
because of the high Mach nttniber and the l s g e   v a r i a t i o n  of inflow Mach 
number and inflow direction axe the following: In the  first place, the 
span of the annular  passage was decreased in  passing from the   rotor  exit 
to  the  entrance of the stator  blades  (region AB, f ig .  2 ) .  This not  only 
decreases  the Mach nmfber for the flow str€king the blades,  but  serves 
t o  decelerate the axial component a t  normal operating state and t o  accel- 
erate   this   coqonent  when the rotor  is operating with an entrance shock. 
consequently,  the angle var ia t ion between the two operating states is 
decreased. Secondly, the blade leading edges  were  swept back (fig. 2)  
t o  reduce the strength of a detached bow wave as w e l l  as that of the 
oblique shock present in normal operation. The  sweep reduces  the  effec- 
t i v e  Mach n W e r  of blade operation  by  rendering i r re levant  the velocity 
component paral le l   to   the  leading edge. Thirdly, the  blade w a s  t i l ted 
(i .e. ,   rotated about a streamline on the  suction  surface)  for two reasons: 
As the tilt of the s ta tor  blades increases, the shock wave at tached  to  
the leading edges will chan@;e or ientat ion  unt i l  it fal l8  across the en- 
trance or  l i p  of the  channel  enclosed  by  the blades and w a l l s .  In the 
usual two-dimensional design with supersonic  axial  velocity, this o r i -  
entation would have t o  be accomplished by increasing  the  blade wedge angle 
and the shock strength. Any internal  normal shock tha t  may ar i se   in   the  
process  of  establishing  the normal mode of operation WLll therefore be 
weakened by the l i p  shock,  and there w i l l  be a reduction  in  the  losses. 
Also, this l i p  wave resu l t s  i n  a decrease i n  the permissible minimum 
throat  area and Mach nuniber o r  in  the agproaching Mach number at which 
the normal wave configuration m a y  be  established.. 

As will be expldned subsequently, the rGtation or  tilt of the  blade 
also  reduces the effec t  of variation 00 angle of attack of the  inflow. 
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Inside  the channel, -the flow passage  affords no further compression 
other  than tha t  which results f r o m  the wedge -le of the blade leading 
edge. P 

Consequently, as the blade i s  turned toward the axial direction, 
the  blade span must be reduced. As the  blade span i s  reduced i n  reglon 
BC, compression wa~es originate . a t  the. i n n e r .  W g J - 1 .  a-pd .are cancelleg- at - 
the outer wall; whereas, i n  region (TD the wavee originate a t  the outer 
w a l l .  The t r a i l i ng  edge i s  terminated on a characteristic  surface. At 
location E an axially  oriented shock proviaes  the terminating c w r e s s i o n  
for the .diffuser .  This location  ensures an oblique  termimting shock and 3 
also relieves  the  blade boundary layer of the  necessity of sustaining  the 
pressure  r ise accorqpanylng the shock. 

. - . - . . . - -. - 

l- 

. .  

Unknown factors  are  necessarily  involved  in a radical  design such as 
the  present  diffuser. In the first place, it i s  not known whether the 
procedure of designing for an average flow and then making corrections 
only for i n f l o w  angles is an adequate  procedure. I n  the  process of 
establishing  the normal flow configuration,  relief  of the flow may pos- 
aibly  be  encountered from unste8d.y or  unsymmetrical flows and thus permit 5 

normal f l o w  at lower than  the estimated speed,. A reverse  effect may be 
expected i f  separation frqm the blades  or walls causes an internal choke. 

.- 

4 ” 

Some Design Details 

In  detail,   the d i f fuser  was designed for the  average Mach number and 
inflow direction, and subsequently the blades of the  s ta tor  were twisted 
for  proper  orientation i n  the  f ie ld  of flow, which varied from root  to 
t i p .  The precontraction.  (region AB, f ig .  2) T&S effected by a 4 O  semi- 
angle cone at the case  (point A ) .  This reduced the axial. Mach  number Eom 
1 . 6 7  t o  1.57 and the  resultant Mach  number from 2.02 to 1.93, with a f l o w -  
angle change from 34.1° to  35.6O. The maximum area  reduction is limited, 
i n  that  choking is avoided for any important compressor operating  condition. 
Following the precompression,  there was an  outward  deflection a t  the hub 
(point B) at the  intersection of the first wave for  a resultant  turn o f  
15.2’. This  resulted in reductions of the  axial-radial component of the 
Mach vector from 1.57 to 1.07 and the resultant Mach  number from 1.93 to 
1.52, with a f l o w  angle  of 45.3O. 

” 

- 
” 

On the shock surface just defined  (point BB, f i g .  2), a meridional 
l i n e  served t o  define  the  leading edge of the  blade, and the  suction s w -  
face w a s  a stream surface of the flow discharged from the shock surface. 
The pressure surf ace of the blade. i s  taken a8 tha t   fo r  a minimum wedge 
angle (on the average  about 8O) of the blade determFned by st ructural  
and fabrication  requirements. 
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For s ta r t ing  normal flow at the overspeed  condition  (equivalent t i p  
speed, 1480 ft /sec),  the rotor is assumed to  be operating with entrance 

s ta tor  blades, a normsl  shock results. If uniform  one-dimensional  flow 
is assumed, a contraction of' the f l o w  area t o  0.89 of the inlet value 
would result in  a choking flow. A contraction of 0.935 wa8 incorporated 
into the design; and, consequently,  the  startlng speed may be  sl ightly 
Lower than 1480 f ee t  per second.  Since  the  pressure-surface  shock result- 
ing from the blade wedge angle gives a slight overcompression, a slight 
internal expansion is required. Thereafter, a gradual  turning of blade 
direction  to 23O and a change of blaae span were used t o  main ta in  the 
area constant and the Mach nuniber at1.4. The terminating  shock  exterior 
to   the blades acted on the axlal-velocity component alone, which was  re- 
duced from 1.29 t o  0.78 of the local  sonic  velocity. The gas m s  dis- 
charged  behind this terminating shock, w i t h  a resultant Mach  number of 
0.98 at an angle of 34'. 

8 shock,  and, when the gas flows into  the expanded channel area between the 

Effect of T i l t  and Sweep 

- It w i l l  be recalled that the leading edge of the  blade i s  on a 
meridional  line  located on the incUned shock surface. When the stream- 
l ine  a t  the hub passes back t o  the &a1 location of the blade-tip lead- 

su l t s  in a highly t i l t ed  blade. The tilt of the blades reducea the eff ec- 
t i v e  angle of attack f o r  a given  variation in flow angle, Fn that it 
places the blade surface w r e   n e a r l y  i n  the surface  containing the var- 
ious illflow  velocity  vectors. A photograph of the ro tor  and stator i s  
shown i n  f igure 3. 

- rzlg edge, there w i l l  be a considerable  angular  displacement, which re- 

The effect  of sweep and tilt on angle of attack may be estimated 
according to   the  fol loufng:  Assume a design flow vector  directed along 
the unit vector 75, and assume that the off  -design flow vector forms a n  
angle a, with respect t o  this in a plane havfng a normal unit vector 
E { see f i g .  4) . Usually E i s  directed  along the leading edge. If such 
a blade surface including il and i s  rotated around the vector t 
by an angle u, then cr i s  designated. the angle of tilt. Cutting back 
the surface at an angle E provides the sweep, so that the direction of 
t he  leading edge i s  given by unit vector 

- 

- 
p = (X cos u + TxZ  sin cr) coa E + 3 s h e  

The effective -le of attack 6 that results from the deviation of the 
vector from the design value Vo i s  

- 

cos cr 
cos e - s i n c  s h c r  tans 
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8 ] Oo 1 30' I 60' 11 Oo I 30° I 60' 1 
a 

-17.2' -14.5O -16.1' 76.9O 25.1° 16.1' 6 
-zoo -30' -30' +30° +30° +30° 

- .-.- 

It is clear from the  table that the  effective  flow-angle  variation can be 
halved f o r  (3 = 60°. Therefore, the efficiency of  stator  blades -1 
probably  be  considerably improved over u n t i l t e d  blades  for  off-design i 
operation.  In the present  case , the  values were u = -25O and G = U0. 
The value of  (I is too  small t o  offer a large  reduction  in a. However, 
the alinemeat on the shock  surface.aUowed only one degree of freedom,. 
and it  was thought bet ter  to  select  thls  on the basis of the blade sweep. 

b 

.". 

" 

The tes t - r ig   instal la t ion,  which was the  same as described i n  ref- . 
erence 2, i s  sham  with  measuring  locations i n  figure 5.  The working 
f l u i d  was Freon-12, which waa circulated in a closed  system. a 

Inlet  stagnation  temgeratures and pressures were measured in  the 
surge tank. Four Btatic-pressure  taps in  the  inlet nozzle were used for 
determining the weight flow using  the  nozzle  calibration from numerous 
previous  surveys a t  s ta t ion 1. A t  s ta t ion 1, three claw probes were 
used with four pressure  taps on the hub and four on the casing t o  check 
the nozzle calibration. Hot-wire anemom&ters were also used at two cir- 
cumferential  locations a t  s ta t ion 1 t o  study  qualitatively  the  nonsteady 
flow. These w e r e  0 . 1  mil i n  diameter. A t  the  exit, wires of 1 .O mil X 
0.1 inch proved t o  be too weak to   sustain the buffeting, and no data of 
t h i s  type  could be obtained. 

Measurements of the  stator-diacha;rge flow were made at s ta t ion 5, 
' about 5.56 inches downstream of the s ta tor  blade t r a i l i ng  edges. Four 
static-pressure  readings on the hub and four on the  casing were l inearly 
interpolated  to determine the static  pressure.  The wall tap  pressures 
were always  determined with a l l  instruments  retracted from t he  stream, 
because the  presence of the instruments interfered with the readings. 
For  over-all performance, total pressure w a s  obtained by two claws, two 
rake8 of ten  circumferentially  displaced  tubes, and two r a k e  of f ive  
radial ly  disg,lsced.  tubes, all i n  fixed locations at station 5. The claw 
probes were used t o  determine the qulaz orientation of the other 
instruments. 

? 

* 
.. . . - .  - _" 
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For surveys,  traverses were made with two claws and two tangential 

total-pressure  rakes  across  the  passage in steps of 0.1 i n &   t o   d t h i n  
0.076 inch  of  the hub and casing. 

.c 

Four  thermocouples were used i n  each of the elbows leaving the 
collector f o r  takbg  the   ex i t   to ta l   t empera ture .  These  thermocouples 
w e r e  calibrated  with  temperature  surveys made a t   s t a t ion  5 in   t he   ea s ly  
p& of the  tests. 

Check measurements of the  rotor-discharge flow were made by survey- 
ing  the  passage at s ta t ion  3 with two claw  probes.  Station 3 is  0.8  inch 
upstream of the  leading edge of the  dlffueer  blade t ip.  Five  circumfer: 
ent ia l ly   located  s ta t ic   taps  on the  casing and t m  hub taps at s t a t lon  3 
were l inearly  interpolated f o r  the  static  pressure.  

Static-pressure  tape were installed a l l  &long the  Impeller  casing, 
the  diffuser  passage  centerline on the hub and the  case, and along  the 
midspan streamline on the  pressure and suction  surface of one diffuser 
passage. 

A 

The most reasonable  evaluations of t h e   r e l i a b i l i t y  of the  pressure 
measurements are believed  to  be  the compazisons  of the weight flows com- 
puted from surveys of the exit asd that from surveys at the   in le t  and the  
nozzle  calibration. A t  s ta t ion  5 weight flows were always  high. A t  an 
equivalent air t i p  speed of 1702 f e e t  per second, there was a discrepancy 
of 7.8  percent;  while at all other  survey  pointa,  the  discrepancy was l e s s  
than 3.5 percent. At s ta t ion  3 agreement was very  poor.  Therefore, sta- 
t i on  3 data could only be  used qual i ta t ively  or   for   t rends.  

- 

To study  the starting problem  of the dfffuser and the nonsteady 
flow, catenary diaphragm pressure  pickups w e r e  used in f i v e  circumferen- 
tial locations on the caae at s ta t ion  3. Three additional  pickups were 
located halfway  through  three  blade  passages, and one more was located 
near  the  discharge end of the  channel. Two tube  adapters f o r  the   s ta t ic -  
pressure  pickups were also made up, BO that   f luctuat ions of t he   t o t a l  
pressure  could be studied.  

The performance of the compressor was determined  over a range of 
back pressure from open t h r o t t l e  t o  surge at ten wheel  speeds from 50 t o  
115 percent of the  design  rotor speed  (1480 ft/sec  equivalent  value  in 
air) . The ro to r  design  t ip  speed w a s  686 fee t   per  second in Freon-12. 
The i n l e t  tank pressure w a s  maintained at 10 t o  l5 inches of mercury 
absolute  during all tests, and i n l e t  temperatures var ied from 60° t o  
1fi0 F, depending on the load on the cooLLng system.  Freon purity w a s  
maintdned  over 97 percent. 

t 
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Tests of the rotor  alone ahowed that, below the  transit ion speed of 0 .. 

1000 feet per second (68 percent  of  design  value),  the  pressure  ratio 
varied with weight- flow at a fixed speed in  a manner similar t o  low- 
pressure-ratio  stages, the pressure  ratio  increasing  to a maximum and 
then  decreasing a8 the  throt t le  was closed ( B e e  f i g .  1) . All operating 
s ta tes  were characterized by a static-pressure  distribution on the outer 
case that rose sharply at the  rotor  entrance,  indicating  strong compres- 
sion waves there. As the  r o t o r  was operated at higher speeda, a dif'fer- 9 
ent mode of operation was observed, i n  that the strong  entrance compres- s 
sion waves were absent and the re la t ive  flow inside the rotor was supar- 
sonic. Because of the forward turning of the blade trailing edges, the 
impulse mode of operation was also chazacterized by a discontinuous rise 
in work output and pressure  ratio; and, because of the absence of the 
initial shock, the efficiency  rose  discontinuously. It was impossible 
to  operate  the  rotur at intermediate states with a shock inside the rotor - 
downstream of the  entrance; the shock was alwaye ei ther  at the  entrance 
or  downstream of the  rotor because of the  increase  in f l o w  area tbrough- 
out the impeller. . a .- 

- 

Over-All  Compressor Performance - 
With the  diffuser  inserted, the  over-all  stage performance was quite 

different, as DBY be  seen from the  plot  of pressure  ratio and weight flow 
for   f ixed speeds ( f ig .  6(a) ) . Included on the  plot  for comparison are 
two curves for the rotor  alone at gpeeds of 1036 and 1480 feet per  sec- 
ond. Figures  6(b) and 7(a) show the specific  enthalpy rise (specific work 
input) and the adiabatic efficiency,  respectively. A t  and above Xi90 
feet per second (94 percent of rotor  design speed), the  pressure distri- 
bution on the case showed that the impeller operated without 8 t i r O n g  en- 
trance shocks. However, there were some differences from the  correspond- 
ing mode OR operation with rotor alone that will be discussed in  more 
d e t a i l  in a later section. When the rotor  was st&& i n  this normal 
iqpulse mode of operation,  the speed was reduced v i t h  open th ro t t l e  to 
reach  the  stator  design  point at 70 percent of design  rotor  speed. How- 
ever, a t  the  t ransi t ion speed of E590 feet per second, the rotor always 
reverted  to  operation with strong  entrsnce shocks. Although fair  w e e -  
ment was obtained on the  method for estimating t h e  e t & i n g  condition 
(estimated  value somewhat less than 1480 f t l sec) ,  it was impoasible to 
operate at design  conditions and check on efficiency and pressure distri- 
bution against t he  theoretical  values.  Large pressure fluctuations were 
experienced at speeds  higher  than  critical, which provided flow fluctua- 
t ions  large enough t o  ensure the k a n s i t i o n   t o  shock-in-rotor operation 
a t  a l l  conditions where subsequent  reversion ta normal operation was 
impossible  because of the diffuser Urnitation. 

I 
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Zero range of weight flow was obtained at speeds  higher  than  the 
t rans i t ion  speed because of the  extremely violent surge obtained, whenever 
the compression  shocks were forced t o  the rotor entrance  by means of 
t h r o t t l e  adjustment. A t  50 and 60 percent of design speed (air equiva- 
l e n t   t i p  speeds of 740 and 890 f’t/sec), &ere operation M t h  rotor alone 
showed t r ans i t i on   t o  irrternal supersonic  velocities  impossible to attain, 
no limit on the lower value of weight flow was observed. The upper l imi t  
of weight flow i s  plotted in figure 7(b), along with the maximum d u e  

‘c 

(u f o r  rotor alone f o r  comparison. A t  80-percent weed (ll80 f t / s e c   t i p  
rp speed) and loxer, the diffuser  is apparently chokhg as estimated and u1 
4 preventing the attainment of full f l o w .  A t  90-percent speed (E530 ft/sec) 

asd higher, it 1s cleax that IUI limit is inrposed by the diffuser, w h i c h  
therefore  permfta starting of normal rotor  operation aa soon as the 
diffuser  throat is suff ic ient ly   supercr i t ical   to   cause  t ransi t ion of the 
rotor  operating state. 

When the ro tor  w a s  operated  alone, it w a s  noticed that specific 
enthalpy rise Fncreased  discontinuously when t rans i t ion  t o  normal impulse 

f o r  rotor alane aperating in both modes and the rie. f o r  the complete 
stage. The enthalpy rises correspond to delivery of gas from the rotor 
at subsonic  velocity. Consequently, t rans i t ion  t o  normal operation  never 

plete ,   in   that   h igh-intensi ty  flow fluctuations are believed to have a 
large  effect  on the  f l o w .  

N mcde of operation  occurred.  Figure 7(c) S ~ W E  the specific  enthalpy rise 
& 
.. occurred for the complete stage. T h i s  interpretat ion i s  probably incom- 

Flaw Fluctuations 

Pressure pickups  indicated  very large fluctuations downstream of 
the ro tor .  In figure 8 are shown the  data for rms fluctuation  intensity 
of the pressures a t  the  case as w e l l  a s  that indicated by a short t o t a l -  
pressure probe projecting  into  the stream. With t h e   t h r o t t l e  wide open, 
the pressure  fluctuations rise strongly on increase of speed over the 
t rans i t ion  value,  both  upstream and downstream of the stator blades. 
The same pat tern at a higher  level i s  noted f o r  the total-pressure  probes. 
The large increase probably results from passage of canpression and ex- 
pansion waves  to the   rotor  from behind. 60me corroboration for this 
hypothesis i s  obtefned from the ca8e pressure  dis t r ib~bion,  which, near 
the exit, is  in te rmdia te  between that fu r  shock-in-rotor b d  f o r  impulse 
operation - a condition Fmpossible to  obtain w i t h  rotor alone. Thus, the 
pressure  distribution is believed t o  correspond to some fluctuation 
because  of lack of s t a b i l i t y   f o r  the observed average pressure 
distributlon. 

When the t h r o t t l e  i s  closed  sufficiently  to eliminate expansion 
downstream of the  stator blades or t o   pos i t i on  a shock at the dischEt;rge 
end, f luctuationa are reduced, because the resultant pressure will not - 
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osc i l la te  from subsonic t o  supersonic. , T h i s  si$uation would explain  the 
difference  in  intensity between the fluctuations  observed upstream and 
downstream of the  stator.  . No cbange in stat ic   pressure could be observed 
upstream of the s ta tor  as the  position of the downstream shock was 
varied. 

The mechanism of the fluctuations i s  believed t o  be as follows: 
Surveys between the  rotor and stator  indicate a very large  deficiency  in 
Stagnation  pressure and velocity near the hub. Although the  data  are  not 
belleved  to be accurate enough for  quantitative work, this trend is never- 
theless  unmistakable.  Therefore, this portion of the gas would not BUS- 

t a i n  a strong shock (because 01 hub and blade  deflections), which would 
move upstream  through the Low-velocity .layers in to   the  main body of the 
flow and in to  the rotor.  However, Mer these circumstances,  expansion 
waves would originate on the  stator blade  leading  edges i n  the mainstream, 
overtake  the shock waves,  and eliminate them at  some location In the 
rotor .  The flow  configuration would then be i n  the init ial  s t a t e  and 
ready f o r  a repeti t ion of the  process.  Relative motion of the  rotor  and 
stator  would cause the pressure waves t o  rotate .  Below t rans i t ion  speed, 
choking of the s ta tor  would give  r ise t o  upstream Shock and expansion 
waves, which, when interacting w i t h  the rotor, would g ive   r i se   to  a 
per iod ic   pes su re   f l uc ty t ion .  - . .  . . .  

" - 

The character of the  pressure  fluctuations was further analyzed by 
not- the  intensi ty  as a fuhction of frequency. At each intensity peak 
the phase relat ion between the  various gickups was used t o  find. the rota- 
t i v e  speed af  the  dlsturbance. The maFn r e su l t s  of this work are summa- 
rized Fn f igure  9 .  A t  90 percent of design rotor speed (fig.   9(a)),  a 
peak i s  noted at rotor  frequency, which tndicates one or  a group of chan- 
nels  operating  differently from t he   r e s t .  The observed  total-pressure 
pickup shows, i n  addition, a peak at 2400 cpa and at the  blade  frequency 
of 3840 cps. The observed  total-pressure  fluctuations are very large. 
However, the in te rpre ta t ion   to  be  placed on this data is not knoxr, since 
t h i s  involves a stationary probe in a flow fluctuating in m@xLtude and 
direction.&  requiring  correction as well for  shock loases  taking  place 
i n   f r o n t  of the  instrument. A t  96.2 percent of rotor  design speed (fig . 
9(b)), a single  disturbance  rotating at 1.22  timee rotor speed is noted, 
a s  wen a8 a peak at the blade  frequency of 4160 cps and other small peaks. 
The character of  these p e a  (rotat ive  ~peed,  n&er of disturbances) wa8 
not  sufficiently  defined t o  interpret .  The large  total-pressure  fluctua- 
t ion peak was also too unsteady and complex . .  i n  form for analysis. 

A t  113 percent of rotor  design  speed  (fig. 9( c) ) , the single pulse 
ro t a t ing   a t  approximately impeller speed was observed, as w e l l  as the 
peak at the same frequency as the paesage of the rotor blades. A dis- 
turbance  frequency of 1086 cps dominahed the  frequency  spectrum. From 
the available data, this could  correspond to   e i ther  17 waves about  the 
periphery  rotating at 0.3 of rotor speed  or t o  5 wavea rotating at exactly 

W 
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the  rotor speed. A harmonic series i s  t o  be  noted at   the   f requencies  of 
220, 440, 880, 1100, 1320, and 2200 cps, which are in  the r a t i o  of 1, 2, 
4, 5, 6 ,  ELnd 10, Kith  the 220 and 440 cps  disturbances  corresponding t o  
a single and double wave rotat ing at rotor  speed.  Therefore, it appears 
that  the  rotor  frequency approached  resonance  with some natural  frequency 
of the system i n   t h e  neighborhood of LLao c p s .  

b 

Thus, the unsteady  aperation  appears t o  arise f r o m  periodic motion 
of strong waves or iginat ing  in  and feeding backwards through the low- 
velocity  gas neaz the blade  roots and mving Fnto the  rotor  through  the 
mainstream, followed by expansion waves in the mainstream.  These fluc- 
tuations are r e w o r c e d  when their Frequency coincides  with  that of a 
hrmonic of 811 ever-present  disturbance  resulting from  nonuniform opera- 
t i o n  of the  various  rotor  channels.  Clearly, i f  the  flow cannot  be 
stabilized, it i s  impossible to util ize  the  variable-throat  diffuser,  
because the normal wave pattern will not  return once it i s  disturbed and 
the  throat  of the   s ta tor  i s  cmstr ic ted.  

Static-Pressure  Distribution 

6 The operating state of the   ro tor  may be  determined from the  pressure - dist r ibut ion on the  case, as shown i n   f i g u r e  Lo. A t  70 and 90 percent of 
rotor  design  speed (100 and 126 percent of stator design speed) a strong 
pressure r ise near the entrance  indicates  internal  subsonic  flows at 
wide-open th ro t t l e .  For compmison ( f ig .  lO(a)), the  pressure  distribu- 
t ion  for   the  rotor   a lone i s  sham where the interdl flow i s  S U P ~ ~ S O ~ ~ C .  
Supersonic  internal  velocitiea are attained at f u l l  speed and 115 percent 
of f u l l  speed, as the  pressure  distributions show on  comparison with  the 
pressure  distributions  for  the  rotors  alone f o r  the n o m 1  and subsonic 
modes of operation  (fig.  10(b)). 

Several noteworthy deviations of the  pressure  distribution Ln the 
rotor of t he  complete stage from the  dis t r ibut ion  for   the rotor alone 
may be  observed at   rotor  design speed. Starting a t  z 3 6 inches,  there 
is ~ L L  increasing  pressure  increment  that was not  obtafnable with the 
rotor  alone. In  the  rotor   tes ts ,  either the  high-level  or the low-level 
pressure  distribution could be  obtafned,  'but  nothing intermediate. A t  
z = 9.5 inches, there i s  a fur ther  sharp rise in the pressure level, 
which may be ascribed t o   t h e  inward deflection  of 4 O  of the  case. Because 
the  deviation  inside  the  rotor was not  obtaipable  with  steady-state  oper- 
a t ion of the rotor  alone, it i s  reasonable to suppose tha t  this discrep- 
ancy resu l t s  from fluctuation of the  pressure. As remarked  previously, 
these  fluctuations  probably  originate from p m t r a t l o n  of a l ternate  com- 
pression and expansion waves in to   the   ro tor  frolil behind. . 

Figure 11 shows the  static-pressure  distribution on the  outer and 
inner walls of the   s ta tors  at open t h r o t t l e   f o r  90 and LOO percent of - 
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design  rotor . Calculations  using the total pressures measured at 
diffuser eA.t stat ion 5) and the static  pressures  along the diffuser show 
tha t  the veloci t ies  are aupercritical at speeds of 94 percent  of  design d 

rotor speed asd higher. Because the assumed total pressure fs low if i n  
error,  the estimated Mach nunibers are also l o w  i f  i n  error. Consequently, 
a strong  stable shock wave cannot  be  asemed a t  the entrance to   t he  chan- 
nels between the atator  blades. The most likely aituation i s  a shock in  
f ront  of the s ta tor   osci l la t ing into the rotor,  decreasing  the rotor work 
input to the gas by  reducfng the through-fhw  velocity from the  blades 
which were turned forward  (see  fig.  7(c)). The presence of t h i s  wave pre- 
vented the s ta tor  from ever  attaining a normal supersonic  internal flow 3 
configuration. The continuous  character  of the efficiency  curve (fig. 
7(a))  a lso confirms th i s  notion. A jumg i n  efflciency  should have oc- 
curred at the  transition  speed of  94 percent of design,  because a discon- 
tinuous jump in  rotor  efficiency is expected there and the losses attrib- 
utable t o  the s ta tor  are roughly  constant at 5 percent  of-the work input. 
However, the expected rise in efficiency is not  evident; and, consequent- 
l y ,  the change i n  rotor  operation  to  supersonic  discharge d-Ld not  occur. 

Teed 

IC 

" "" 

The various data. ubi& confirm t h i s  description of the flow are as - 
follows: First,  the  pressure  dLetrfbution on lthe case  indicates a normal 
wave configuration In the  fro& part, of the rotor  and an unstable config- 
uration i n  the  rear   par t .  Second, the work output  indicates low dis- .I 

charge  velocities. Thfrd,  the v d a t i o n  o f  efficiency  indicates  the 
presence of strong,  inefficient shocks in   t he   ro to r .  Finally, large 
pressure fluct".ons were measured downstream of the rotor.  

Summary of R e s u l t s  

The high-solidity supersonLC coqresaor w a s  found t o  have the fol- 
lowing characteristics: 

1. For  operation at open thro t t le ,  . a t ransi t ion i n  the  mode of oper- 
at ion of the  rotor occurred as the. speed was increased t o  values higher 
than 94 percent of design  (equivalent  airspeed, 1390 ft/sec) . This i e  
i n  reasonable agreement with the estimation of Bomewhat less  than 1480 
feet per second. The high-speed mode wae characterized by supersonic 
internal  flow, whereas the low-speed mode exhibited a strong ahock at the 
entrance and subsonic  Fnternal  velocities.  After  transition,  the com- 
pressor w a s  operable at only  one w e i g h t  flow because of a. surge limita- 
t ion .  At low speeds a wide range of weight flow with stable  operation 
w a s  obtained. 

2.  The over-all  efficiency of the compressor was low (fig.  7(a) ) , 
decreasing  continuously f r o m  73 percent at 50-percent  speed t o  47 percent 
at UO-percent design rotor speed  (equivalent  airspeeds, 744 and 1630 
ft/sec,  respectively).  Pressure  ratios of 3.5 and 5.0 were obtained at 

I 
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* t i p  speeds  of 1480 and 1702 feet  per second, respectively  (fig. 6(a)). 

At 90-percent  speed and higher, maximum weight f low was not limited by 
the  diffuser and w a ~  64 pounds of Freon-12 per second. 

W 

3. A high  level of pressure  fluctuation was found after the t ransi-  
t i on  speed was reached. When the speed w a s  reduced, these fluctuations 
inhibited  stabilLzation of diffuser and rotor  operation with normal super- 
sonic  flow  configurations,  thus  preventing  attainment  of  the  stator design 
condition at a rotat ive speed of 1040 feet   per  second. Fluctuation in- 
tensity  increased w i t h  resonance between the rotor and stator. Unless 
these  fluctuations  can be eliminated, the variable-tbroat d i f fuse r  cannot 
be  applied in compressors of this type. 

4. After  transit ion had occurred,  pressure  distributions were meas- 
ured on the  rotor  casing which were unobtainable  with  steady-state oper- 
ation of the rotor   done  and which, therefore,  indicate an unstable sit- 
uation. It i s  reasonable to suppose that pressure  fluctuations w e r e  
present when such pressure  distribution was measured. 

5. Although the internal  flow in the s ta tor  i s  supercr i t ical  above 
r: the speed f o r   t r a n s i t i o n   i n  the m o d e  of rotor opwation, it is  believed 

that an unstable shock occurs in  the region upstream  of the s ta tor  and 
in the reax portion of the  rotor .  As a consequence, the work output of 

alone, and the stage  efficiency does not exhibit the expected jump i n  
passing from subcr i t ica l   to   supercr i t ica l  ro to r  speeds. 

- the ro to r  never exhibits the  large values fomd in t e s t s  of the  rotor  

When the  rotor w a 8  be- designed, the extent of the   d i f f icu l t ies  or 
the problem of in i t i a t ion  of normal flow In the ccanpressar was not apgre- 
ciatea. lh w t i c u l a r ,  if the rotor-diffuser cosnbinatbn had been designed 
fa? efficient  operation a t  a speed for whioh it was possible to initiate 
the normal f lw canfiguration, a substantial  increase in effhiency wodd 
be expected. me present rotor cannot s a t i s fy  this requirement for any 
diffuser. A mre satisfactory one would deliver gas, when operating 
normally, at a very  different f Low angle than when operating with inter- 
shock. This would, of course, impose a severe  condition on the  stator. 
A special wide-range s ta tor  would be required, such as one with t i l t e d  or 
S lo t ted  blade6 

Several methods are available to  stabil ize  operation of the  stage. 
F i r s t ,  because it is believed that the  fluctuations arise in   the  boundary 
layer on the hub and-case, removal of thfs low-energy gas would probably 
be helpful. Second, because  fluctuation  intensity increased with  resonance 

could be accomplished by using  rotor-discharge annulas areas giving more 
between the  rotor and &ator,  decoupling these would be helpful. This 

. 



14 c- NACA RM F54L29 

nearly c r i t i c a l  flows tha t  could support only weak waves, and by dis- 
charging more nearly cr i t ical  flows relative to the  rotor. 

f 

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, December 21, 1954 
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The following symbo IS are used in t h i s  report : 

rn increase in   spec i f ic  s t w t i o n  enthalpy from station 0 t o  
s ta t ion 5, Btu/lb 

AHts increase  in  specific  enthalpy at constant  entropy from P to T,O 
’T,59 Btu/lb 

- 
k unit vector narmal to  plane  containing  velocity  vectors 

P s ta t ic  pressure, lb/sq in .  

PT absolute  stagnation  pressure, lb/sq in. 
- 
P unit vector along leading edge 

t unit vector  along n o m  flow component 
- 

Z axial   distance measured from  leading  edge of impeller  blade root, 
in .  

a -le of attack, angle between normal and off -design flow vectors 

6 effective angle of attack 

c sweep angle, angle of ro ta t ion   abut   vec ta r  t x E 

‘lad 

Q angle of tilt, angle of rotat ion of blade  about  vector t 

adiabatic  efficiency of rotor,  AHfs/AE 
- 

Subscripts: 

e equivalent  values for standard pressure and temperature 

0 entrance  tank upstream of nozzle  (fig. 5 )  

1 sta t ion  at rotor  entrance  (fig- 5) 

3 stat ion about 0.8 in.upstream of diffuser leading edge at 
t iq   ( f ig .  5) 

5 station about 5.56 in. downstream of d i f fuee r   t i p  trailing edge 
( f i g -  5) I 
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Equivalent  weight flow of Freon-12, lb/sec 

Figure 1. - Performance characteristics fo r  14-inch  Bupersonic compreesor 
rotor with 0.52 inlet radius ra t io  (ref. 4). 
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c Sweep 
d Tilt 
a Angle of attack 

Figure 4. - Sketch showing angle of attack, tilt, and meep. 



I 1 

.. . 

L I 

Sta t i c  taps  calibrated 

/\ for weight flow 

Entrance 
guide vane’ 

”””- ””” 

Station 0 

354 

c I 

””””” 

Station 1 

Discharge 
collector -, 

Figure 5. - Schematic diagram of 14-inch  supersonic-compreasor test rig. N 
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Equivslent weight f l o w  of Freon-l2, Ib/eec 

(b) Enthalpy r i s e .  

Figure 6 .  - Concluded. Performsnce characteristics for 14-inch sugermnic 
campre s sor . 
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Figure 7. - Continued. Comparison of performance of complete stage and rotor  alone. 
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Percent of rot& design t i p  
90 - 120 

3peed (equivabnt air value, 1480 ft/sec) 

( c )  Eqdvaent stagnation enthalpy dae. 

Mgure 7. - Concluded. Comparison of performance of complete s tageand 
rotor alone. 
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Fmuenor, cps 

( 0 )  113-Peaoent rotor design t i p  sgoad (167Q ft/seo a b  valuo). 

Figure 9 .  - Cmaludod. Frequenoy dis tr ibut ion or intensity of fluctuation fm various rpeeds. 
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